We present new Keck/HIRES observations of six red giants in the globular cluster NGC 2419. Although the cluster is among the most distant and most luminous in the Milky Way, it was considered chemically ordinary until very recently. Our previous work showed that the near-infrared Ca II triplet line strength varied more than expected for a chemically homogeneous cluster, and that at least one star had unusual abundances of Mg and K. Here, we confirm that NGC 2419 harbors a population of stars, comprising about one third of its mass, that is depleted in Mg by a factor of 8 and enhanced in K by a factor of 6 with respect to the Mg-normal population. Although the majority, Mg-normal population appears to have a chemical abundance pattern indistinguishable from ordinary, inner halo globular clusters, the Mg-poor population exhibits dispersions of several elements. The abundances of K and Sc are strongly anti-correlated with Mg, and some other elements (Si and Ca among others) are weakly anti-correlated with Mg. These abundance patterns suggest that the different populations of NGC 2419 sample the ejecta of diverse supernovae in addition to AGB ejecta. However, the abundances of Fe-peak elements except Sc show no star-to-star variation. We find no nucleosynthetic source that satisfactorily explains all of the abundance variations in this cluster. Because NGC 2419 appears like no other globular cluster, we reiterate our previous suggestion that it is not a globular cluster at all, but rather the core of an accreted dwarf galaxy.
1. INTRODUCTION NGC 2419 is one of the most unusual globular clusters (GCs) belonging to the Milky Way (MW). It resides in the MW's outer halo (Harris et al. 1997, 90 kpc from the Galactic center). It is notable not just for its distance but also its luminosity. M54, the core of the Sagittarius dwarf galaxy (Ibata et al. 1995) , is the only GC more luminous than NGC 2419.
The first Hubble Space Telescope (HST) photometry (Harris et al. 1997) of NGC 2419 showed that the cluster is as old as the inner halo cluster M92. In other words, NGC 2419 is about as old as the Universe. Like many GCs, NGC 2419 is a "second parameter" cluster, with an extended blue horizontal branch (HB). di Criscienzo et al. (2011) attributed the HB morphology and the color dispersion at the base of the red giant branch (RGB) to a different helium abundance between the first and second generations of stars, a popular explanation for the second parameter in GCs (D'Antona et al. 2002) .
The distance and photometric properties of the cluster alone are not extremely unusual, but the chemical properties of the cluster are. Early spectroscopy (Suntzeff et al. 1988) did not reveal any unusual abundance patterns in the cluster.
In particular, the iron abundance appeared invariable from star to star. Much more recently, medium-resolution 1 Based in part on observations obtained at the W.M. Keck Observatory, which is operated jointly by the California Institute of Technology, the University of California, and the National Aeronautics and Space Administration.
2 Palomar Observatory, Mail Stop 249-17, California Institute of Technology, Pasadena, Ca., 91125, jlc(enk)@astro.caltech.edu 3 Hubble Fellow (Keck/DEIMOS) spectroscopy by Cohen et al. (2010, hereafter C10) showed that the strength of the infrared calcium triplet (CaT) varies from star to star, even at fixed stellar luminosity. Ibata et al. (2011) confirmed this star-to-star variation with independent DEIMOS spectroscopy. C10 attributed this variation to a range of calcium abundance 4 (σ([Ca/H]) ∼ 0.2) in the cluster. Later high-resolution (Keck/HIRES) spectroscopy by Cohen, Huang & Kirby (2011, hereafter C11) revealed an even more complex abundance distribution. Six of seven stars appeared identical to stars in "normal" GCs, such as those found in the inner halo of the MW. However, star S1131 had [K/Fe] = 1.1 (very high for a GC) and [Mg/Fe] = −0.5 (very low for a GC). Such a low value of [Mg/Fe] can be found only in the most metalrich stars in dwarf spheroidal galaxies (Letarte et al. 2010; Cohen & Huang 2010; Kirby et al. 2011) . It is never found in stars with the metallicity of NGC 2419 ([Fe/H] = −2.1). Furthermore, low values of [Mg/Fe] in halo and dwarf galaxy stars are always accompanied by low abundances of other α elements, such as Si and Ca. Star S1131 exhibits enhanced ratios of [Si/Fe] and [Ca/Fe] , typical for a normal GC star.
C11's HIRES sample provided no compelling evidence for a variation in elements heavier than potassium, such as Fe and other iron-peak elements. Even Ca, in which a dispersion was detected with DEIMOS, appeared to be constant across the stars from HIRES data. Importantly, the DEIMOS analysis was based on ionized Ca lines whereas the HIRES analysis was based on neutral 4 The standard nomenclature is adopted; the abundance of element X is given by ǫ(X) Ca lines.
The HIRES sample of C11 included only one of the Carich stars identified by C10. In fact, that single star was S1131, the one with unusual magnesium and potassium abundances. The peculiarity of this star with a strong CaT demanded that we observe additional stars from the DEIMOS sample with large CaT line strengths. In this article, we expand C11's sample of HIRES spectra in NGC 2419, focusing in particular on the stars with strong CaT lines.
OBSERVATIONS AND ABUNDANCE ANALYSIS
PROCEDURES In an effort to overcome some of the limitations of and concerns arising from our previous work in NGC 2419, we obtained HIRES-R (Vogt et al. 1994 ) spectra of an additional 6 stars in this GC during a 4 night run which began 2012 Jan 29. The spectrograph configuration was identical to that we used in our 2008 and 2010 observations of NGC 2419 red giants. Most of the new stars were chosen to probe the Ca-rich distribution of the DEIMOS measurements of the Ca triplet, with preference given to those stars for which we had already obtained low signal-to-noise ratio (S/N) HIRES spectra that suggested, based on our measured radial velocities, that the stars were cluster members. These stars are faint (17.5 < V < 17.9) for high-resolution spectroscopy, and the exposure times ranged from 2.5 hours for the brightest star to 4 hours for the faintest star. All of the nights were clear, and two had excellent seeing.
The total sample of 13 stars for which we obtained reasonably good HIRES spectra is given in Table 1 . Fig. 1 shows a comparison of the location of the sample stars on the observed V , V − I plane using optical photometry from Stetson (2005) and the V , V − J plane, where J is from 2MASS (Skrutskie et al. 2006; Cutri et al. 2003) . Isochrones from the Y 2 grid (Yi et al. 2003) for an age of 12 Gyr with [Fe/H] = −2.20 dex (solid line) and [Fe/H] = −1.90 dex (dotted line), both with [α/Fe] = +0.30 dex, are indicated. We adopted the same distance and reddening as was used in C11. In our earlier work (C10), the membership of star S1673 in NGC 2419 was considered possible but not definite. This is because, as is seen in Fig 1, this star lies to the blue of the main cluster RGB in a V , V − I CMD. Although its v r is consistent with cluster membership, we decided to be cautious and not consider it a confirmed member at that time. However, on the basis of its abundances, discussed below, we now consider S1673 to be a definite member of this GC. It may be, as C10 speculated, an AGB rather than a RGB star. Fig. 2 shows a histogram of Ca(CaT), the Ca abundance inferred from our initial moderate resolution study (C10) based on the CaT line strength measured with DEIMOS on Keck II, with the HIRES sample indicated. Our HIRES sample now includes giants spanning almost the entire range of Ca(CaT) abundances for NGC 2419 luminous giants. While there are a few stars in our DEIMOS sample with even higher Ca(CaT), they are not in our HIRES sample as they are all fainter than V = 17.7.
The measurement of equivalent widths, whose values are given in Tables 2 and 3 , and the abundance analyses were carried out in a manner identical to our previous [Ca/H] as inferred from the near-IR Ca II triplet line strengths in the DEIMOS moderate resolution spectra of C10 is shown for the sample of 43 definite members of NGC 2419 isolated in that paper. The sample from C11 of 7 RGB stars in this GC with HIRES spectra is shown by the solid fill. The 6 additional NGC 2419 stars presented here are indicated by the hatched areas. work. C11 described those procedures in detail. W λ for the 7 stars from C11 are also listed there as a number of lines were added since 2011. Hyperfine structure corrections have been made following C11. No non-LTE corrections were made because the Al abundances were calculated not from the 3950Å resonance doublet but from the weak 6696, 6698Å doublet, which has no strong non-LTE correction (see Baumüller & Gehren 1997) . The magnitudes of the expected non-LTE corrections for some other key elements are discussed in §4. Because these are rather faint metal-poor giants, we included the strong Mg triplet lines and sometimes the Na D lines in the analysis in order to get a reasonable number of lines for these key elements. We provide two measurements of abundance for these two elements: one with and one without these very strong lines. We made two important updates to our procedures described in C11. We are now using the 2010 version of MOOG (Sneden 1973 ) updated by J. Sobeck (Sobeck et al. 2011) . The new version contains a better treatment of coherent, isotropic scattering, which in the 2002 version is treated as pure absorption. This could be important for our NGC 2419 sample primarily because these are cool luminous RGB stars. But since [Fe/H] for NGC 2419 is about −2.1 dex, the importance of Rayleigh scattering as an opacity source is not as large as it would be for even more metal-poor stars. Furthermore, we did not consider lines blueward of 4100Å because the spectral S/N is too low at those wavelengths. We focused on the part of the spectra λ > 4500Å, where S/N is higher, unless an element has no or very few lines beyond 4500Å. Thus, for our sample, the use of the 2010 version of MOOG does not introduce noticeable changes compared to the 2002 version.
The second major change change we made involves the determination of stellar parameters. Fig. 1 shows the V , V − I and V , V − J CMDs for our HIRES sample in NGC 2419, with two metal-poor, α-enhanced, 12 Gyr Yonsei-Yale isochrones (Yi et al. 2003) superposed. We set the stellar parameters T eff and log(g) by assuming the stars lie on an isochrone halfway between the two shown in Fig. 1 . We did not use the colors at all, just the V magnitude, to set T eff and log(g). When looking for small abundance variations, the choice of stellar parameters is critical, as discussed by C11. Rather than relying on colors, which for such faint stars have nontrivial uncertainties, particularly those from 2MASS, we decided to force the stars to lie on an isochrone with just the V measurements taken from Stetson (2005) , whose uncertainties are quite small (≤0.015 mag), over a total range spanned by our sample of 17.25 to 17.91 mag. The range in V − I spanned by our sample is only 0.32 mag, less than half of that of V and with somewhat larger uncertainties. The range in V − J is 0.47 mag, but the uncertainties are much larger due to the limited depth of 2MASS. If the stars really do lie along a single isochrone, as would be the case if NGC 2419 is actually a chemically homogeneous old GC, using just V will give a very accurate relative T eff determination for each star. Even if a slightly inappropriate isochrone is used, the relative differences in T eff for members along the upper RGB of the stellar population will be highly accurate. Fig. 3 shows the dependence of [Fe I/H], [Fe II/H] and the difference of the two as a function of V (our proxy for T eff ), as well as the same for Ti. The behavior of these key diagnostics serves to demonstrate that our detailed abundance analyses are valid.
THE CHEMICAL INVENTORY OF THE
NGC 2419 GIANTS Our detailed abundance analysis for 13 luminous red giants in NGC 2419 yielded the results given in Tables 4  and 5 . The Mg abundances are listed with the two Mg triplet lines both included and excluded to illustrate that the result is identical to within the errors even when the strong Mg triplet lines are included. The abundance analyses for the 7 stars from C11 were redone, resulting only in small differences. The present results supersede those of C11. Tables of uncertainties for the absolute abundances and the abundance ratios were given in C11.
One star, S1673, appears to be significantly bluer than the RGB of NGC 2419 in the V , V − I CMD, but less discrepant in the V , V −J CMD. It may be an AGB star. We carried out an abundance analysis for this star based solely on its V magnitude (i.e., assuming that it lies on the normal RGB) and also one assuming that it is 100 K hotter than the RGB and with a slightly lower log(g) corresponding to a mass of 0.6 M ⊙ instead of 0.8 M ⊙ (i.e., on the AGB). Both sets of results are presented in Table 4 .
Our detailed abundance analysis shows that NGC 2419 contains two groups of stars. The first, containing 8 of the 13 stars, represents a normal α-rich population typical of GC (and inner halo) stars. This is the population that dominated the sample of C11, where it was shown that they are essentially identical in chemical inventory to the stars in the much nearer, inner halo cluster NGC 7099 with similar metallicity.
However, the second population found here is very strange. It shows extreme depletions of Mg, with [Mg/Fe] ranging widely from −0.2 to −0.7 dex, accompanied by large enhancements in K of ∼0.7 dex above those of the "normal" NGC 2419 giants. The Mg-poor group contains the same 5 stars shown in Fig. 2 to have stronger near-IR Ca triplet lines from the study of C10. The fraction of stars in the high tail of the Ca(CaT) distribution (Ca/H] > −1.85) from the larger DEIMOS sample of C10 is 34%; the fraction of peculiar Mg-poor stars in the smaller HIRES sample is comparable (38%). Figs. 5 to 9 show sums of the spectra of the Mg-poor RGB stars in NGC 2419 and those of the Mg-normal stars to illustrate the contrast between the two groups. The Mg-normal star S223, the brightest and reddest cluster member, has been omitted from all the sums. S223 has broader metal lines and extremely strong Hα emission. Note that the mean T eff of the Mg-poor stars is ∼100 K hotter than that of the Mg-normal stars (see Fig. 1 ). The specific features shown are (5) a set of Fe I lines, with one Fe II line, to illustrate that there is no evidence of a variation in Fe abundance, (6) the region of the 5528Å Mg I line which includes a Sc II line, (7) the Na doublet at 5685Å, to show that the Na abundance is low in both groups, (8) an even weaker Na doublet near 6160Å, and (9) a set of Ca I lines near 6165Å. The last of these figures shows that the Ca I lines in the Mg-poor group are only slightly stronger than those in the Mg-normal group of NGC 2419 giants. If the differences in line strength were due to temperature alone, the lines would be weaker. Hence, there is a difference in the average Ca abundance between the two groups.
The extremely low [Mg/Fe] abundances we have determined for the Mg-poor group of 5 giants in NGC 2419 are very unusual. Such low values of [Mg/Fe] can be found only in the most metal-rich stars in dwarf spheroidal galaxies (Letarte et al. 2010; Cohen & Huang 2010; Kirby et al. 2011 galaxy stars are always accompanied by low abundances of other α elements, such as Si and Ca, where they signify the increasing role of (delayed) contributions from Type Ia supernovae, which are very effective at producing Fe-peak elements, to the chemical inventory. The situation in NGC 2419 is completely different, especially because Fe and other Fe-peak elements show no variation in NGC 2419.
3.1. Consequences of the Large Range in Mg Ignoring H and He, the most abundant elements in a scaled solar mixture are C, N, O, Ne, Mg, Si, S, and Fe. Of these, C, N, O, Ne, and S all have high first ionization potentials, χ > 10 eV. Thus, in the atmospheres of cool stars, Mg, Si, and Fe are the dominant sources of free electrons, and of these three, Mg has the lowest first ionization potential, and hence may be the most important. We have established that there is a substantial population of luminous giants in NGC 2419 with a very large deficiency of Mg. Given the potential importance of Mg to the structure of the stellar atmosphere, we must consider the potential implications of such a large deficiency. We investigated the structure of the model atmospheres, in part, in response to the suggestion by Mucciarelli et al. (2012) that the induced change in electron pressure, P e , affects the CaT enough to produce the observed dispersion in line strengths in NGC 2419.
If the Mg abundance were to be increased from some initial level, one would expect P e to rise, and to continue rising as the Mg abundance is increased further. However, decreasing the Mg abundance from some initial level does not produce the same behavior, as once Mg is sufficiently depleted, it will no longer be an effective electron donor compared to other sources of electrons, and any additional decrease in P e will occur much more slowly. Thus, whatever the effect may be of the strong Mg depletion seen in the Mg-poor group of RGB stars in NGC 2419, we should not expect a very large range in behavior arising from the large range in the depletion of Mg within the Mg-poor population in NGC 2419.
One potential effect of a major change in the Mg abundance is that the position of the RGB in the CMD may shift depending on the Mg abundance to some extent. VandenBerg et al. (2012) that the position of the RGB will not be perceptibly altered in this situation.
We initially expected, based on the substantial shifts in the RGB found by VandenBerg et al. (2012) Figure 6 . Sums of sections of spectra for the Mg-normal (blue points) and Mg-poor (red crosses) NGC 2419 giants centered on the Mg I line at 5528Å and the Sc II line at 5526Å. The extremely large difference in Mg abundance, as well as the somewhat smaller difference in Sc abundance, between the two groups is apparent. The sum for the Mg-normal stars omits S223, the most luminous and reddest NGC 2419 giant.
in NGC 2419 would be separated in the RGB with the Mg-poor population lying somewhat to the blue of the main RGB. However, CMDs using both V − I and V − J (see Fig. 1 ) show this is not the case. Understanding that no such shift is expected to happen for the specific case of NGC 2419 relieves our initial concern. It would maintain the validity of our normal methods of stellar parameter determinations, especially T eff , which rely on broad band colors. (However, we do not use colors here, instead relying on V alone.) It also gives specific guidance for the special case of the star S1673, which is the most Mg-depleted star in our sample. It lies somewhat to the blue in the V , V − I CMD, but less so in V , V − J. Its location blueward of the RGB is either an unexpectedly large error in Stetson's (2005) visual photometry or is a reinforcement of our earlier suggestion that S1673 is an AGB star.
A second issue to consider is the effect of any decrease . Sums of sections of spectra for the Mg-normal (red crosses) and Mg-poor (blue points) NGC 2419 giants centered on the Na I doublet at 6160Å, which is so weak that it is barely detectable even in summed spectra. The adjacent Ca I and Fe I lines are almost identical between the Mg-poor stars and Mg-normal stars. The sum for the Mg-normal stars omits S223, the most luminous and reddest NGC 2419 giant.
in P e on the formation of spectral lines. Because these are luminous cool giants, the temperatures are low, and most elements are mostly neutral. As a result, any decrease in P e from a depletion of Mg will have little effect on the neutral lines, but the number density of the singly ionized species will rise. Is this the reason that the near-IR triplet, which is a line of Ca II, is enhanced in the Mg-poor population? The key question is whether P e is affected by the decrease in Mg abundance within the stellar atmosphere, or whether the decrease in P e at the metallicity of NGC 2419 is so small that there is no obvious change.
To this end, we calculated some model atmospheres at the stellar parameters characteristic of our NGC 2419 sample with Mg enhanced and depleted by 0.7 dex in each case. These tailored model atmospheres use as −4 compared to the base model. However, the Mg-depleted model closely follows the base model, implying that with such a large depletion of Mg, and given the low overall abundance of this GC of −2 dex, Mg is no longer an important source of free electrons. We might have expected this from the detailed isochrone calculations of VandenBerg et al. (2012) , but it is gratifying that this is verified by our stellar model atmosphere calculations.
This agreement for τ > 10 −4 suggests that our detailed abundance analyses which have been carried out using the base Castelli & Kurucz (2004) models will be valid for both the Mg-normal and the Mg-poor populations in NGC 2419, with the possible exception of lines formed higher in the atmosphere than τ = 10 −4 . None of the lines included in the detailed abundance analysis are strong enough for this to be the case. The only relevant spectral features that may be strong enough to be formed at so near the surface are the cores of the near-IR triplet of Ca II which were used in our DEIMOS analysis (C10) to suggest the possibility of a variation in the Ca abundance within NGC 2419. We note that any change in P e does not affect the pressure broadening for lines strong enough to show damping wings as it is dominated by interactions with neutral H atoms (van der Waals broadening). It is the possible effect on the ionization balance for Ca via change in P e that is of concern.
However, we reject the suggestion of Mucciarelli et al. (2012) that this is an important issue for NGC 2419 based on the good agreement between the abundance of neutral Ca lines presented here vs that from the near-IR triplet of Ca II presented by C10 (see Fig. 11 ), as well as from the evidence regarding the behavior of tailored model atmospheres as the Mg abundance is varied shown in Fig. 10 . The prediction that there is no shift in the ionization equilibrium for the case of interest here means that achieving ionization equilibrium with the set of lines from the Keck/HIRES spectra used here is an important constraint that can be used to validate our detailed atmosphere abundance analyses. If NGC 2419 were more metal-rich by a factor of 4 or more, or Mg in the bulk of its population was more enhanced than we have established it to be, the consequences of differing Mg abundance between the two populations in this GC on P e would become an important issue.
Although the Mg-poor stars in NGC 2419 also show a strong enhancement of potassium, K is less abundant than Mg in the solar mixture by a factor of ∼250, and so its enhancement by a factor of less than 10 in these stars will not produce any significant effect on the structure of the stellar atmosphere. 
Mg and K
Are the very large abundance variations seen among the NGC 2419 luminous RGB stars for Mg and K real? First, we discuss the case of Mg. There are three to five detected Mg I lines per star. The range in Mg abundance among the giants in our sample in NGC 2419 exceeds a factor of 10. There is no way that this can arise from a problem in the abundance analysis procedure. The non-LTE corrections for Mg I lines are small. Andrievsky et al. (2010) found that the typical correction for metal-poor giants is about +0.2 dex and not particularly sensitive to atmospheric parameters. Previous non-LTE computations reached similar results for disk stars (Mishenina et al. 2004 ) and for a range of stellar types and metallicities, down to [M/H] = −2 (Shimanskaya et al. 2000) . All three of these studies used many of the same Mg I transitions that we used in our abundance analysis. We conclude that the variations in Mg abundance between the Mg-normal and Mg-poor stars must be real.
The situation with K is less clear. The variation of ǫ(K) in NGC 2419 (spanning a range of 1.4 dex) is large enough so that any inaccuracies caused by the stellar parameters or the analysis code are too small to produce the observed spread. However, the only lines of K that can be observed at optical wavelengths are the resonance doublet at 7665 and 7699Å. Because the former is embedded deeply within a very strong terrestrial absorption band of O 2 , it is practical to measure only the 7699Å line. Given that this is a fairly strong resonance line, non-LTE corrections need to be considered.
Non-LTE corrections for the 7699Å line of K I have been calculated by several groups (e.g., Ivanova & Shimanskiȋ 2000; Takeda et al. 2002; Andrievsky et al. 2010) . The non-LTE corrections are negative, and range from −0.1 to −0.9 dex (see Fig. 6 of Ivanova & Shimanskiȋ 2000) . They vary strongly with T eff and with metallicity. Ivanova & Shimanskiȋ (2000) wrote that "the non-LTE corrections can vary strongly as functions of the model atmosphere parameters, which can sometimes be a source of substantial errors, even when comparing potassium abundances for stars of very similar type." It may be possible, with some contortions, to reproduce the behavior of K between the Mg-normal and Mg-poor stars in NGC 2419 with non-LTE corrections alone, but it does not seem likely.
Although the surveys of GC and halo field stars carried out prior to 2004, including the extensive work of the Lick-Texas group (e.g., Kraft 1994) and of Cohen and her collaborators (e.g., Cohen & Melendez 2005), did not include the K I lines due to limitations on spectral coverage, more recent work has found a small number of other metal-poor Galactic giants that show the very high K abundances of the Mg-poor giants in NGC 2419. Takeda et al. (2010) found two such stars in a survey of 15 RGB stars in three GCs. These two stars stick out in the same way as the K of the Mg-poor stars stick out in NGC 2419. One of these stars, M13 III-73, which has a [K/Fe] abundance 0.6 dex higher than the rest of the M13 sample, has been analyzed in detail by Kraft et al. (1992) and Pilachowski et al. (1996) 5 . They find that [Mg/Fe] = +0.25, a normal value for an α-enhanced GC star. Cayrel et al. (2004) In summary, there are a few stars with [K/Fe] similar to those of the Mg-poor giants in NGC 2419, but they are not Mg-poor, in general. This suggests that the process generating K is not always tied to that producing the Mg-poor anomaly. Takeda et al. (2010) suggested that some anomalously strong K resonance lines are caused by exceptional cases of strong peculiar velocity fields in the upper layers of the atmosphere and do not reflect the true K abundance of the star. To explore this possibility in our NGC 2419 sample, we measured the radial velocity of the K I 7699Å line and compared it to that measured from other lines. We find that these agree for all 13 stars in our sample 5 We are trying to obtain a better HIRES spectrum of M13 III-73; it should be in hand shortly. to within 0.5 km s −1 for all the stars except one, where the difference is 0.8 km s −1 . Furthermore, we used the Hα emission as a measure of chromospheric activity and possible mass loss. Cohen (1976) discovered that weak Hα emission is common in the brightest red giants in GCs. She interpreted the emission as mass loss from the bloated atmospheres of the giants. However, the implied mass loss rate was large. Dupree, Hartmann & Avrett (1984) later found from models of the atmospheres of red giants that static chromospheres can explain both the emission and the blueshift of Hα in bright, red giants. W λ of the sum of the blue and red emission wings in Hα for luminous RGB stars in NGC 2419 are shown as a function of V (our proxy for T eff ) in Fig. 12 . Some of the sample stars show weak emission, but two stand out. The strongest Hα emission, which is extremely strong, is shown by S223, which is the most luminous and reddest RGB star in NGC 2419. It has obvious strong emission in both the red and blue wings of Hα and Hβ and also in the blue wings of Hγ and Hδ, as well as having broader metal lines than the other sample giants. The other case of strong emission is S1673, the star suspected to be on the AGB. Its emission is much weaker than S223 (see Fig. 12 ) but stronger than the other NGC 2419 giants in our sample. The Mg-poor stars behave no differently from the Mg-normal RGB stars in NGC 2419 in terms of their Hα emission. The mean radial velocity of Hα in the 5 Mg-poor stars differs from that of the metallic lines by only −0.3 km s −1 ; the same value for the 8 Mgnormal stars in NGC 2419 is −0.6 km s −1 . The lithium line at 6707Å cannot be detected in the summed spectra of either group of NGC 2419 giants. We therefore find untenable the suggestion that the high K seen in the Mgpoor giants in NGC 2419 arises from velocity fields in the outer layers of the stars. Furthermore, at the metallicity of NGC 2419, even for the Mg-poor, K-strong stars, the 7699Å line of K is not very strong, and most of it is not formed extremely high in the stellar atmosphere.
Si, Ca, and Sc
We now turn to elements which appear to show smaller variations within the stellar population of NGC 2419. According to Table 6 these are Si, Ca, and Sc. (The neutron capture elements may show a weakly significant dispersion, and we discuss them below.) Since there is the most information about Ca, we discuss it first.
The existence of Ca variations was first suggested by C10 based on their analysis of the strengths of the 8542 and 8662Å lines (the two stronger lines of the CaT) from moderate resolution Keck/DEIMOS spectra of a large sample of stars. The key issue is whether this spread is caused by a real star-to-star abundance variation, or whether, since these features arise from singly ionized Ca, it is a consequence of a decrease in P e due to the very low Mg abundances in the Mg-poor cluster giants. The present analysis (see Table 6 ) which is based on much higher resolution spectra from which typically 15 Ca I lines can be measured, also suggests a spread in Ca. Furthermore, C10 also presented the results of spectral syntheses using the method of Kirby et al. (2010) on the DEIMOS spectra, which specifically included Ca I lines in the appropriate wavelength region but excluded the CaT lines due to uncertainties in their line formation. Fig. 11 compares the Ca abundance derived here from Ca I features in our Keck/HIRES spectra with those derived by C10 from the infrared triplet lines of Ca II. The agreement is quite satisfactory; both show a small spread of ∼0.2 dex in Ca abundance with the Mg-poor population having a higher Ca abundance than the Mg-normal population in NGC 2419.
Variations in Ca abundance within a GC are quite unusual. Carretta et al. (2010) placed very tight limits on any variation in [Ca/H] of not more than 0.03 dex in a sample of 17 GCs. The only previously known GCs that show such variations are those suspected of being remnants of formerly accreted dwarf galaxies, such as ω Cen. From both spectroscopy and photometry, ω Cen has been known for more than 30 years to have a wide intrinsic range in [Ca/H], [Fe/H] , and many other elements, extending over a range of ∼1.3 dex with multiple peaks in the metallicity distribution (Norris et al. 1996) . Other GCs with spreads in [Fe/H] include M22 (Marino et al 2011) and NGC 1851 (Carretta et al. 2011) .
One of the unresolved puzzles of C10 was the contrast between the constancy of [Fe/H] We considered the range of variation in Ca(CaT) as compared to the HIRES Ca I result. The means for [Ca/H] of the Mg-poor and the Mg-normal stars inferred from their HIRES spectra differ by 0.18 dex (see Table 6 ) while the difference for the same 13 stars for Ca(CaT) from our DEIMOS spectra (see Fig. 11 ) is somewhat larger, 0.27 dex. Nonetheless, the two independent values for the difference in Ca abundance between the Mg-poor and Mg-normal stars in NGC 2419 agree within the uncertainties. Furthermore, the Mg-poor and Mg-normal groups both show internal dispersions in Ca abundance that are considerably smaller than the difference between them. This applies to both the HIRES sample of 13 stars and the larger DEIMOS sample of C10.
Non-LTE corrections for Ca lines have been calculated by several groups, most recently by Spite et al. (2012) . At the metallicity of NGC 2419 they are essentially zero and hence negligible for the subordinate Ca I lines, but that is not the case for the 4226Å resonance line. Since the S/N at 4226Å in our spectra is poor, we do not use the resonance line anyway. As a result, non-LTE effects are not an issue for the set of Ca I lines that we used for our present high-resolution study of luminous RGB stars in NGC 2419.
We therefore conclude that there is a real, but small, variation in Ca abundance between the Mg-poor and Mgnormal luminous giants in NGC 2419. The Mg-poor stars have a higher [Ca/H] abundance by ∼0.2 dex.
[Si/Fe] also shows a low amplitude anti-correlation with [Mg/Fe] such that the Mg-poor stars have values ∼0.2 dex higher than the Mg-normal stars in NGC 2419. This can be seen in Fig. 7 .
The mean [Sc/Fe] we derive from our HIRES spectra of stars in NGC 2419 is 0.45 dex higher in the Mg-poor stars than in the Mg-poor stars. This difference is easily seen in the composite summed spectra of the Mg-poor and Mg-normal giants shown in We assert that the Sc abundance is noticeably different in the mean between the Mg-poor and Mg-normal groups of giants.
We note again that the Fe abundance is constant across both Mg-poor and Mg-normal giants in NGC 2419 to within 0.1 dex, as is shown in Table 6 and in Fig. 5 . Carretta et al. (2009b) established strong upper limits on any star-to-star variation in [Fe/H] in a large sample of Galactic GCs. Only those GCs that are widely believed to be the remnants of accreted dwarf galaxies show starto-star variations in [Fe/H].
The Neutron Capture Elements
Five of the heavy neutron capture elements (Y, Ba, Ce, Nd, and Eu) are detected in 10 or more of the 13 RGB stars in our HIRES sample for the GC NGC 2419, all as singly ionized species. The dispersion of [X/FeII] for these 6 elements is reasonably small considering that with the exception of Ba, for each of these species we have detected only a few weak lines redder than 4200Å. Ba has four strong lines in the spectral region studied, most of which were detected in all the sample stars. Eu has a strong line at 4129Å, but our spectra have low S/N there. So the abundance of Ba is the most reliable among these elements. The ratio of [Eu/Ba] for our sample of 13 RGB stars in NGC 2419 is +0.33 ±0.11 dex, comparable to that seen in other metal-poor GCs (see, e.g. Gratton, Sneden & Carretta 2004) . Table 6 demonstrates that there is no apparent difference exceeding 0.1 dex between abundances of any of these 6 elements between the Mg-poor and the Mg- Figure 13 . Abundance ratios for selected species with respect to Fe, using Fe I or Fe II as appropriate, are shown as a function of [Na/Fe] for our sample of 13 giants in NGC 2419 with HIRES spectra. The ratios selected are sensitive to proton burning chains operating among Na, Mg, and Al, and to a possible s-process contribution from intermediate-mass AGB stars. Red and blue points denote Mg-poor and Mg-rich giants respectively. normal population in NGC 2419. However, as is shown in Fig. 13 , there is a weak correlation between [NaI/FeI] and [BaII/FeII] , and an even stronger correlation of [NaI/FeI] and [ZnI/FeI] . There is also a hint of a correlation between Al and Na, but the data are too sparse to be certain since the S/N at the strong Al I line at 3961Å is too low to permit the use of that feature, and we must rely on the much weaker doublet at 6690Å. No such correlation with any other element heavier than Fe with sufficient data was seen in our NGC 2419 sample. We may consider the Na abundance as a proxy for the typical mode of multiple populations involving protoncapture at high temperatures among the light elements seen in essentially all GCs as an anti-correlation between Na and O abundances. If we view the high Na abundance stars as those of the typical second generation, then we might consider the high Zn and Ba abundances as indicating a contribution from the s-process, such as was first seen in NGC 1851 by Yong & Grundahl (2008) , who found that the Zr and La abundances of a small sample of stars were correlated with Al, and anti-correlated with O. Carretta et al. (2012b) present more recent results with a larger sample and find correlations between the Al and Ba abundances in this GC.
Thus NGC 2419 is unique among the GCs in that it has two distinct manifestations of multiple populations. The first is the classic proton burning at high T as manifested by correlations and anti-correlations among the light elements, seen in NGC 2419 as a range of Na abundances, and the related s-process contributions of Zn and Ba. The second is the strong Mg -K anti-correlation, which appears to have a completely separate origin.
POTENTIAL CAUSES OF THE ANOMALIES SEEN IN NGC 2419
In the previous section, we reviewed the evidence for anomalies in the chemical inventory of NGC 2419 and demonstrated that they are almost certainly real. They are not artifacts of analysis problems or non-LTE issues (except possibly for the enhancement of K, but probably not), and they require a nucleosynthetic explanation. We discuss these in order of the magnitude of the anomaly.
As reviewed by Gratton, Sneden & Carretta (2004) , it is now well established that all GCs contain (at least) two generations of stars: the primordial generation, plus a second one whose light elements (C, N, O, Na, Mg, Al) show evidence for proton burning beginning with C and O burning into N, Ne burning into Na, and Mg burning into Al. Correlations and anti-correlations found among the light elements in GCs have demonstrated this hightemperature proton-burning occurs in the progenitors of the GC stars. A major study of these issues is summarized by Carretta et al. (2009a) .
Furthermore, the light element abundance variations persist all the way down the RGB to the SGB and to and even below the main sequence turn-off (Briley et al. 1996) . Thus, they cannot be attributed to stellar evolution within a single star, but must involve material processed in more massive stars, then ejected, with the usual suspects being intermediate mass AGB AGB stars are also strong sites for the s-process, and thus the search for correlations with s-process element variations in GCs is also important. There are some hints that extensive proton burning producing very strong enhancements of Na (from Ne) and Al (from Mg) also produces small amounts of s-process material leading to correlations between small, marginally statistically significant enhancements of Y, Zr, and Ba with Na enhancements, as well as with much larger Al enhancements (Yong et al. 2005) .
One might try to invoke a similar process to this to explain at least part of the anomalies in NGC 2419. However, Mg is a very abundant element, and in normal GCs, burning 40% of the original Mg will produce an enhancement of a factor of 10 or more in the Al abundance in the second generation stars. The burning of 90% of the Mg will produce an enhancement of Al which is much larger than that seen in the Mg-poor stars in NGC 2419. However, Fig. 13 demonstrates that while some of the usual correlations and anti-correlations among the light elements present in NGC 2419, the amplitude of the Al dispersion is by no means exceptional, as defined by the behavior of a sample of 15 GCs studied by Carretta et al. (2009a) . It is especially puzzling that Mg itself does not correlate with Na, Al, Ba, or any other element typically indicative of proton burning or the s-process.
Furthermore, we have demonstrated that in the Mgpoor stars, K, Ca, and Sc, elements well beyond Si, are also enhanced. We rule out proton burning among the light elements as an explanation for the anomalies in the chemical inventory of NGC 2419 as it is impossible to reach the required temperature outside supernovae. Such burning may well be going on at a very low level, but it is at best a minor contributor to the bizarre behavior we are trying to explain.
To explain the strong depletion of Mg seen in the Mgpoor population in NGC 2419 requires nuclear burning at high temperatures and beyond the range of nuclear processing believed to occur at the bottom of the surface convection zone in AGB stars. Mg is produced during the CNO cycle operating in the cores of massive stars, equivalent to 2 12 C → 24 Mg. It is also produced copiously in Type II supernovae. We have at present no explanation for the Mg-poor population.
Potassium is the one element discussed in this section where there is at least a semi-viable, non-nuclear explanation, namely non-LTE effects (see §4). But as discussed above, this is rather contrived, and probably cannot be made to work. Potassium is much less abundant in scaled solar mixtures than even Al, so if one tries to invoke proton burning cycles to produce the excess K seen in the Mg-poor population, a much larger enhancement of K is predicted than is observed.
K is primarily produced by oxygen burning in Type II SNe, but, as discussed by Clayton (2003), its production depends heavily on the progenitor mass and on the assumptions regarding fallback and when material is ejected during the SN explosion. Scandium is even rarer than K in a scaled solar mixture, and its abundance in Type II SN ejecta depends crucially on how far oxygen burning has proceeded in material before it is ejected. Varying only the progenitor mass, the Type II SN yields of Nomoto et al. (2006) show a peak in production of both K and Sc with respect to Ca for a Type II SN progenitor mass of between 18 and 20 M ⊙ depending on the initial metallicity (zero or low) of the SN progenitor. Given this, it may be possible, by tinkering with the characteristics of Type II SN explosions, to produce highly varying fractions of K and of Sc in the ejecta. Since the yields of K and Sc given by Nomoto et al. (2006) vary more or less together, one might expect to see correlated abundances of K and Sc, as is the case in NGC 2419.
The dominant isotope of Si is 28 Si, which can be assembled from 7 nuclei of 4 He. It is very tightly bound and is the primary product of O burning in the cores of massive stars. The dominant isotope of Ca is 40 Ca, which has the magic number 20 of both protons and neutrons. Thus, it is very stable compared to its neighbors in the periodic table of the elements. It can be assembled from 10 nuclei of 4 He. It, too, is produced primarily in Type II SNe during O burning. The abundances of these very stable elements in Type II SN ejecta are less sensitive to the details of the explosion than those of K or Sc. This may be why the mean differences in abundance between the Mg-poor and Mg-normal populations in NGC 2419 for Si and Ca are just 0.2 dex between the two groups.
Type II SN nucleosynthesis models including ejection mechanisms, fallback, and mixing within the ejecta can successfully explain the chemical inventory of (most) EMP Galactic halo stars (Kobayashi et al 2006; Tominaga, Umeda & Nomoto 2007; Heger & Woosley 2010) . If one wishes to invoke peculiar Type II SN explosions to explain the anomalies in the chemical inventory of NGC 2419, since it is (even now) a very massive GC, just one peculiar Type II SN may not eject enough material to produce a population of Mg-poor stars which comprises ∼30% of the present cluster stars. Speculation that multiple, peculiar Type II SNe occurred in NGC 2419 and in no other known GC seems rather ad hoc and therefore unsatisfactory. (2012) found substantial changes in the positions of the RGB in a simple stellar population such as GC. Furthermore, augmentations in Mg (or Ca) relative to Fe would have even larger consequences than depletions. The same holds true for the effects induced by a change in the abundance of a specific element with regard to the line strengths of individual spectral features, both those of the element involved, and those of other elements through the effect of a change in P e and hence a change in ionization ratios. Spectral features originating from an ionization stage which contains only a small fraction of the total atoms of the relevant element can be significantly altered in strength. The RGB plus AGB dominate the total light at optical and IR wavelengths in old stellar populations. In these cool stars, it is the population and potentially the line strength of the neutral vs. the singly ionized species that may be affected.
If large divergences in the abundance of a single (abundant, low first ionization potential) element from the scaled solar ratio or the normal α-enhanced ratio do occur in simple stellar systems, then the consequences for the study of more distant stellar systems, where only the integrated light can be observed, may be profound.
For example, the calibrations relating [M/H] and the Mg triplet line indices for the Lick indices (Worthey & Ottaviani 1997; Puzia, Perrett & Bridges 2005) , widely used to interpret moderate resolution spectra of galaxies and GCs beyond the Local Group, will be altered. Substantial star-tostar variation within a GC of the abundances of crucial elements could mimic a variation of overall metallicity or an age spread. By increasing the number of parameters that must be considered, possible variations in the abundances of key individual elements add considerable complexity to the interpretation of the their CMDs.
So far only NGC 2419 shows such behavior in its chemical inventory, and since this is such a metal-poor GC, the effects on its CMD are very small, and the effects on its spectrum only appear in the lines of elements that are actually abnormal in their abundances. While finding many more such cases, especially at higher metallicity, would be very interesting, for the sake of our entire knowledge base of the composite light of simple stellar systems, we must hope that such cases are very rare.
7. SUMMARY Our initial work on the extremely distant and massive outer halo GC NGC 2419 (C10) used moderate resolution spectra from Keck/DEIMOS. We suggested the presence of a star-to-star spread in [Ca/H] but no detectable spread in [Fe/H] based on an analysis of the strong Ca II near-IR triplet and spectral synthesis of weaker, neutral lines. We then proceeded (C11) to obtain high-dispersion spectra of a sample of stars, most of which appeared to be normal, α-enhanced red giants similar to those found in most GCs. But C11's sample also contained one very peculiar star, S1131, which showed very depleted Mg and highly enhanced K and was apparently Ca-rich as well. To follow this up, in this paper we presented abundance analyses of 6 new RGB stars in NGC 2419, most selected to be among the most apparently Ca enhanced in the study of C10.
We found that there are two groups of stars in NGC 2419, one of which is identical to the typical GC α-enhanced RGB stars. The second group, which contains roughly 1/3 of the stellar population of this GC, is very peculiar. These stars have extremely depleted Mg, ranging down to −0.9 dex below the Solar ratio, i.e., about a factor of 15 below the normal-Mg stars. These Mgpoor stars are identical to those with apparently high Ca from C10, and from the present detailed abundance analyses show highly enhanced K, moderately enhanced Sc, and a small enhancement of Si and Ca compared to the Mg-normal stars. But there is no credible evidence for any variation of [Fe/H] within this GC. This chemical inventory is unprecedented and unique.
We discussed whether some of this behavior, in particular the apparent enhancement in Ca, can be attributed to low P e in the stellar atmosphere arising from the depletion of Mg, an important electron donor at low temperature when H is neutral. We concluded that the small difference in Ca abundance (∼ 0.2 dex) between the Mgpoor and Mg-normal giants is real.
A number of suggestions have been offered for for producing some of these peculiarities, which do very rarely occur in other GC and field halo stars, without invoking a real difference in chemical inventory between the Mg-poor and Mg-normal giants. We provided evidence against the suggestion by Takeda et al. (2010) that unusually strong turbulence in the upper atmospheres of the stars might produce the apparent excess of K, at least in the case of NGC 2419. We looked at the variation with stellar parameters and with metallicity of the non-LTE corrections for each of the relevant elements. In the end, we concluded that all of these variations, correlations, and anti-correlations involving Mg, K, Sc, Ca, and Si are real differences in mean abundances between the Mg-poor and Mg-normal population.
It is not too difficult to imagine slightly altering the characteristics of Type II SNe (their mass distribution, the explosion energy, the fallback, etc.) to reproduce the behavior of Sc and K. We have not found a similar solution for Mg, Ca, and Si. Even the explanation for Sc and K is unsatisfactory because it requires multiple Type II SNe to be peculiar with respect to those SNe that produced the material in all other known GCs.
In addition to the Mg-K anti-correlation and related issues that we have found, there is evidence that the usual correlations and anti-correlations among the light elements characteristic of proton-burning at high temperature that are seen in most GCs are present in NGC 2419 as well, and may be accompanied by s-process enhancements among some of the heavy neutron capture elements. But the two signs of multiple populations act independently in NGC 2419; the Na-poor and Na-rich giants do not correspond at all with the Mg-poor and Mg-normal giants in this peculiar GC.
With the present work, we now have a clear view of the complex chemical inventory within NGC 2419 and of the extremely peculiar Mg-poor population which which contains roughly 1/3 of its stellar population. However, we have not found a solution to the puzzle of how to reproduce through nuclear reactions the characteristics of the Mg-poor population in NGC 2419. One puzzle was unveiled by C10, C11, and the present work, but another has now been revealed and is at present without any satisfactory solution.
With this new evidence demonstrating the uniqueness of NGC 2419 among the Milky Way system of GCs, we repeat the suggestion we made in C10 that NGC 2419 is not a GC. Instead, it may be the nucleus of a disrupted dwarf galaxy. Although it presently has no dark matter (Baumgardt et al. 2009 ) and a gravitational potential well unlikely to retain supernova ejecta, it may have previously resided in a dark matter halo, such as an accreted dwarf galaxy. M54, the core of the Sagittarius dwarf spheroidal galaxy, likely shares the same origin (Sarajedini & Layden 1995) , and a similar story has been suggested for ω Cen (Lee et al. 1999) . If NGC 2419 joins this growing category of clusters, then it will be unique among its class for retaining some (e.g., Ca, Sc, K) but not all (e.g., Fe) supernova products.
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Note added in proof: A high S/N HIRES spectrum of M13 III-73 has been obtained. We find [Mg/Fe] = +0.5 dex and [K/Fe] = +0.3 dex; both of these are normal for metal-poor GC stars. We cannot reproduce the unusually high K abundance claimed for this star by Takeda et al. (2010) . Table 4 Abundances for First 6 Red Giant Members of NGC 2419 With Keck/HIRES Spectra S1131 S1004 S1065 S458 S1673 S1673 a S1814 Elem Sun 
